Abstract Particle size distribution (PSD) via sequential filtration/ultrafiltration was used as the tool for COD fractionation and colour profiling of textile wastewaters before and after treatment. Profiles prior to treatment suggested PSD-based COD fingerprints characteristic for the influents. Treatment efficiencies were determined via comparing the profiles of the effluents from chemical-and biological-treatment to those of the corresponding influents. COD fingerprints of the wastewaters from the textile plants, applying different treatment alternatives, were different especially at the upper size range; yet profiles after treatment were similar, with the soluble fraction (, 2 nm) being almost the only apparent one. Half of the overall CODremoval via chemical treatment was at the particulate-and upper colloidal-ranges, revealing that this alternative was effective at higher ranges, but not at the soluble fraction. In contrast, biological treatment was effective at both ends of size distribution, with total removal at the particulate range and 50% elimination at the soluble portion. Overall colour content and PSD-based colour profiles of the influents were also different. Chemical treatment was successful in removing colour originating from the entire colloidal range, but was not efficient at the soluble fraction. Conversely, colour removal efficiency of biological treatment was moderate throughout the entire size spectrum.
Introduction
Being one of the main industrial production sectors in Turkey, the textile industry is of significance, not only due to its characteristic of high water consumption, but also due to concomitant generation of waste streams in high quantities. In addition to the high wastewater generation, another point of concern is that the textile wastewaters are characterised as being extremely variable and complex in composition. Accordingly, for optimising the performance of conventional treatment processes like activated sludge applications and chemical coagulation-flocculation, or for optimising the use of supplementary advanced oxidation alternatives (i.e. with ozone), characterisation of the textile wastewaters not only with conventional methods but also with an approach to yield more comprehensive information becomes of significance. PSD-based COD fractionation has recently been proposed and used successfully as an alternative approach for characterisation of municipal, industrial, agricultural waste streams (Sophonsiri and Morgenroth, 2004) , domestic wastewaters , and raw wastewater from a textile industry, as well as biological treatment effluent before and after application of ozonation , with a suggestion of providing a more in-depth comprehension in terms of COD fractions and their biodegradability characteristics in relation to particle size categories.
In consent with application of this abovementioned recent approach, the objective of this study is to use PSD by means of sequential filtration and ultrafiltration, to attain a better image of distribution of organic carbon content, thus the COD fingerprint, of textile wastewaters. In addition, it is also aimed to use PSD-based COD fractionation as a tool to better interpret the potential and limitation of applied treatment alternatives. For that purpose, influent and effluent samples were collected from the on-site treatment plants (one chemical treatment via coagulation-flocculation, and the other biological treatment) of two textile processing industries, and sequential filtration/ ultrafiltration experiments were executed to obtain the PSD-based profiles for the samples. Profiles obtained for the influents revealed COD and colour fingerprints characteristic for the textile wastewaters. Comparison of those with the profiles obtained for the effluents described the specific impact of applied treatment processes on distribution of COD and colour fractions.
Materials and methods

Description of the textile mills and conventional characterisation
The experimental study was performed on two knit fabric finishing textile plants, both located within the boundaries of the Umur Creek Catchment Area, in Istanbul. The first investigated industrial mill (Plant A), processing fabric printing and scarf production, applies coagulation-flocculation for chemical treatment of its wastewaters to meet the discharge standards outlined in "Wastewater Sewer System Discharge Regulations" (see Table 1 ). Plant A receives an overall flow rate of 26.22 m 3 day 21 originating from domestic and industrial discharges with a 90% contribution from industrial processes. The second textile plant (Plant B), manufacturing textile products, directs its effluents to a conventional activated sludge system. The overall flow rate (sum of domestic and industrial wastewaters) to the on-site biological WWTP is 19.40 m 3 day 21 and is also dominated by industrial effluent (85%).
A continuously-stirred cell (Amicon, Model 8,400; volume of 400 mL) was used for the filtration/ultrafiltration experiments, carried out under positive pressure (0.6 -1.2 atm; N 2 as the inert gas). No quiescent-settling was applied and each sample was first filtered through AP40 glass-fibre filter (Millipore AP40; pore sizes of 1,200-1,600 nm). Then, each filtrate were subsequently passed through conventional filters with a pore size of 450 nm (Durapore HV, polyvinylidene fluoride [PVDF]), and 220 nm (Durapore GV, PVDF) (Millipore Corp., Bedford, MA 01730). The permeates collected after filtering through 220 nm were then subjected to ultrafiltration experiments, during which a series (pressure, temperature, washing, rinsing, preserving, regenerating, etc.) for the membranes were fulfilled. First COD measurements were executed directly on the collected samples. First optical density (OD) measurements were conducted on samples filtered through AP40 glass fiber filters to avoid any interference and impact due to absorption on/scattering from particulate matter. From that point forward, COD and colour values were measured in aliquots, collected after each filtration/ ultrafiltration step, to correlate PSD to colour and COD contents of the samples. Conventional measurements were performed in duplicates and according to the Standard Methods for the Examination of Water and Waste Water (1998); except for COD measurements. Protocols given in the Water Quality: Determination of the Chemical Oxygen Demand-ISO 6060 -1986 (1986 were followed for all COD measurements carried out in duplicates. Colour analyses were executed in accordance with the German Legislation (Anhang 38 zur Allgem., 1993), via measuring the OD values after filtering the samples through 450 nm (at original pH). OD measurements were conducted at three dominant wavelengths of 436, 525 and 620 nm. The MWCO values of the ultrafiltration membrane discs were approximated to particle size values ( Table 2 ). The particulate fraction (consisting of the settleables and most of the supracolloidals) was addressed as the portion remaining above AP40 glass fibre filter (. 1,600 nm). The soluble portion (including most of the dissolved components) was the part collected after filtering through the last ultrafiltration membrane (, 2 nm). The colloidal range was determined as the one in between (2 -1,600 nm).
Results and discussions
Conventional characterisation
Measured values of pollutant parameters meaningful for conventional wastewater characterisation of the knit fabric finishing subcategory are summarised in Table 1 . Experimental data reveal an overall COD removal efficiency of 62% for the textile wastewater from Plant A, whereas the efficiency of the biological WWTP of Plant B is 77%. Both biological treatment and chemical coagulation-flocculation with FeSO 4 and lime yield satisfactory removal efficiencies for all parameters, with one exception that the latter cannot meet the total sulphide discharge standard ( Table 1) . As apparent from the table, the textile wastewater from Plant A was determined to be relatively stronger, i.e. with respect to the organic matter content than the one originating from Plant B. Those samples were selected on purpose since they were subjected to different treatment technologies at the on-site treatment plants. Consequently, those textile influents together with the corresponding effluents were considered to be appropriate for comparative evaluation of the impact of applied treatment technology on COD fractionation and colour profiles.
PSD-based COD fractionation and impact of treatment processes on COD profiles
Results of the PSD-based COD fractionation are tabulated in Table 2 . The cumulative values for a given filter size indicate the COD of the permeate and thus, each one describes the total COD below the selected filter size. The differential COD between the two consecutive filter sizes can then be calculated as the difference between the two relevant absolute CODs. The first values seen in the table correspond to the total COD contents (sum of particulate, settleable and supracolloidal, colloidal, and soluble portions) of the samples. No quiescent settling was executed prior to filtration.
The differential COD profiles plotted at the upper panels of Figures 1 and 2 were suggested as the PSD-based COD fingerprints characteristic for the investigated textile E. Dulekgurgen et al.
279 Table 2 Cumulative and differential COD values of textile wastewaters before and after treatment influents. For both the influent and effluent samples, the differential COD values at each size category were normalised to the total COD contents of the influents and plotted as %COD values at the lower panels of Figures 1 and 2 . Each value at the corresponding size category plotted at the %COD profiles of the influents shows the contribution of the COD fraction at that size category to the total influent COD content. The profiles for the effluents, when compared with those of the influents, roughly imply the treatment efficiencies. PSD-based COD fingerprints of the textile influents from Plant A (applying chemical treatment) and Plant B (applying biological treatment) revealed that one of the most apparent COD fractions was at the soluble range for both samples (37 and 26%, respectively). On the other hand, the rest of the COD distribution was different, especially at the upper size categories. For the influent from Plant B, 51% of the total COD was determined to accumulate at the particulate range, whereas 40% of the total COD of the influent from Plant A was partitioned at the particulate and the upper colloidal ranges at 15 and 25%, respectively. Approximately half of the remaining 23% of the total influent COD for Plant A was at the 13-220 nm size range; whereas for Plant B, the COD content at the same size category corresponded to one-third of the remaining 23% of the total influent COD.
Despite the differences between the two textile processing plants both in terms of the PSD-based COD fingerprints of their influent streams and the treatment technologies applied at their on-site treatment plants, the COD distribution profiles after treatment were quite comparable (upper panels of Figures 1 and 2) . A very similar COD fractionation, characterised by the soluble portion being the most apparent one, was also 
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observed for the biological treatment effluent of another textile processing plant . This parallelism between the current and former findings, regarding the PSD-based COD profiles of biological treatment effluents (originating from different textile plants) being dominated by the COD portion at the soluble range (, 2 nm), was considered as implying the significance of that fraction with respect to optimising the overall COD removal efficiencies of biological WWT systems, and thus highlighting the need to evaluate the soluble fraction in terms of biodegradability. Approximately two-thirds of the total COD content after biological treatment (Plant B) was determined to accumulate at the soluble range. This ratio for the chemical treatment effluent (Plant A) was even higher (75%). These observations suggested the need to determine if there is a correlation between the industrial wastewater characteristics, especially in terms of the amount of filtered COD (through 450 nm pore size; indicated as p COD Filtered in Table 3 ), and the effluent quality after chemical treatment. For that purpose, a brief literature survey, including lab-scale studies on textile and tannery wastewaters, was carried out and the results are summarised in Table 3 .
As is apparent from the table, overall COD removal efficiency is a function of the type and the dosage of the coagulant, as well as the pH applied during the experiments. The parameter determined as the ratio between the total COD content of the effluent and the influent COD value after filtering through 450 nm (the cut-off between the traditionally accepted soluble and particulate ranges) can be considered as implying the extents of both the efficiency and the mechanism of COD removal via chemical treatment. The values of this parameter calculated from the reported data are in the range of 63 -100% (Table 3 ). The value obtained in this current study (64%; last row of Table 3) was within this range, closer to the lower end. This value was calculated in accordance with the traditionally applied soluble-particulate segregation mentioned above. On the other hand, when the "PSD-based fractionation" approach was applied, this ratio should be modified as the one between the total COD content of the effluent and the influent COD value measured after filtering through 2 nm (cut-off between colloidal and soluble portions). With this regard, it was determined that the amount of total COD after chemical treatment of the textile wastewater from Plant A conveniently corresponded to the real soluble portion of the influent. This latter observation emphasises the merit of PSD-based COD fractionation in providing a better interpretation or estimation of the potential and limitation of the treatment alternative. It is suggested here that it is possible to estimate the COD removal efficiency of chemical treatment without running chemical treatability experiments or depending on literature values. This can be realised by obtaining the COD content of real soluble portion (, 2 nm) of the influent sample through PSD-based COD fractionation, since that was determined to correspond approximately to the overall COD content after chemical treatment.
Comparative evaluation of the PSD-based COD distribution profiles of the influent and effluent samples, visualised in Figure 1 for Plant A and Figure 2 for Plant B, was suggested to provide comprehensive information regarding the specific impact of the applied treatment processes. The %COD data of the influent and effluent samples marked at the lower panels of Figures 1 and 2 were used to construct Table 4 , summarising the net COD removal efficiencies at each size category. As given in Table 4 , the overall COD removal efficiency for Plant A was 62%, and approximately half of this (34%) was realised at the particulate and the upper colloidal size ranges, from which 40% of the total influent COD content originated, indicating that chemical treatment via coagulationflocculation was quite successful in removing the moieties at these higher size ranges. The influent COD fraction at the 13-220 nm size range was also completely removed (lower panel of Figure 1 ), and this corresponded to 10% within 62% overall removal efficiency (Table 4 ). In contrast, as is apparent from Figure 1 , chemical treatment was not effective at the soluble range, as revealed by a low removal efficiency translating into only 9% (Table 4 ) within a total of 62% removal (decrease from 515 to 395 mg COD L 21 ). The overall COD removal efficiency of the biological treatment applied to the textile influent from Plant B was 77% (Table 4) . The particulate portion, comprising 51% of the total influent COD (Figure 2 ) was almost totally eliminated (corresponding to 47% within 77% overall efficiency, Table 4 ). The COD content at the colloidal range dropped from 195 to 45 mg L 21 after biological treatment, translating into 18% contribution to the overall removal efficiency (Table 4) . In contrast to the case with chemical treatment, half of the soluble influent COD was determined to be eliminated (lower panel of Figure 2 ), thus biological COD removal efficiency at the lowest size range was considered to be at an acceptable level.
PSD-based colour profiles and impact of treatment processes on colour removal efficiencies
The first colour measurements were carried out on the samples filtered through AP40 glass fibre filter (pore size; 1,600 nm) to avoid any interference and impact due to adsorption on/scattering from particulate matter. From that point forward, the OD values at three designated wavelengths (436, 525, and 620 nm) were measured after each filtration/ultrafiltration step. Similar to the case for the PSD-based COD fractionation, these cumulative OD values were used to calculate the differential ones; each showing the contribution from the relevant size interval. The results are plotted in Figure 3 , both for the influent and effluent samples from Plant A and Plant B.
As is apparent from the graphs at the upper row of Figure 3 , the two textile wastewaters were quite different not only in terms of their overall colour contents, but also in terms of their PSD-based colour profiles. Approximately two-thirds of the overall colour content of the wastewater from Plant A was originating from the upper colloidal size range (Figure 3, upper row, panel a) . The contribution from the rest of the colloidal range was negligible, and the colour content at the soluble fraction was also low (less than 15%). Distribution of the differential OD values over the entire size range was determined to be more homogeneous for the textile wastewater from Plant B than that for the one from Plant A. Yet, for the former, the OD values at three size ranges of 450-1,600 nm, 8-13 nm, and , 2 nm were markedly higher than those at the other intervals (Figure 3, upper row, panel b) , and their combined contribution to the total colour content was approximately 67%.
Comparative evaluation of the colour profiles before and after chemical treatment ( Figure 3, panel a) clearly indicated that the overall colour removal efficiency was more than 80% and coagulation-flocculation was determined to be very effective throughout the entire colloidal range, but not that efficient at the soluble range (only 5% removal efficiency). In contrast, only 43% of the total colour content was removed via biological treatment (Figure 3, panel b) . The lowest removal efficiency was recorded at the 8-13 nm size range (only 4% efficiency), housing 20% of the overall colour content of the textile wastewater from Plant B. Based on the profile obtained for the influent from Plant A given in Figure 3 
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the dye-stuff used in the plant was not soluble (i.e. dispersed dyes). Moreover, comparison of the PSD-based colour profiles belonging to the waste streams from Plant A and Plant B implied that the dye-stuff used in the latter was different than the other, in terms of physical properties and solubility in water.
Conclusions
When compared to the limited information that can be obtained from the black-box type approach based only on influent and effluent values, particle size distribution via sequential filtration and ultrafiltration offered a broader view for COD distributions and colour profiles of the investigated textile wastewaters. It also amended the interpretation of the potential and limitation of applied treatment alternatives. With regard to the observations reported in this study, the concluding remarks may be summarised as follows:
i. PSD-based COD profiles were determined to reflect fingerprints characteristic for the investigated textile influents. Even though the contribution from the soluble fraction (,2 nm) to the total COD content was significant for both wastewaters, the COD distribution profiles were different especially at the higher size categories (the particulate and the upper colloidal ranges), housing a major portion of the total influent COD contents. ii. Despite differences in PSD-based influent fingerprints and the applied treatment technologies, similar COD distribution profiles, with the soluble portion being almost the only apparent one, were obtained for the effluents. iii. The overall COD removal efficiency of chemical treatment was 62%, and half of this was realised at the particulate and upper colloidal-ranges, indicating that chemical treatment was successful at the higher size categories, but not at the soluble fraction. Biological treatment, which was effective at both ends of the size distribution with complete elimination at the particulate range and 50% removal at the soluble portion, resulted in an overall COD removal efficiency of 77%. iv. The COD distribution profile of the biological treatment effluent obtained in this study was comparable with that obtained for another textile wastewater subjected to biological treatment. This similarity was concluded to imply the significance of the soluble fraction (, 2 nm) and highlighted the need for further investigation. It was concluded that the COD content accumulating at the ,2 nm size interval was not a direct measure of removal deficiency of biological treatment, but was mostly due to initial soluble inert COD by-passing treatment and soluble inert microbial products being generated in the course of biological treatment. v. Total COD content of the chemical treatment effluent conveniently corresponded to the real soluble portion (, 2 nm) of the influent. Concomitantly, it was concluded that it is possible to estimate the COD removal efficiency of chemical treatment without running chemical treatability experiments or depending on literature values, but by simply determining the real soluble COD content of the influent. vi. The two textile influents were quite different both in terms of their overall colour contents and their PSD-based colour profiles. Overall, colour removal via chemical treatment was as high as 80%, and coagulation-flocculation was very effective in removing colour originating from the entire colloidal size range, but was not that efficient at the soluble fraction. On the contrary, biological treatment provided a moderate level of colour removal throughout the entire size spectrum, resulting in an overall removal efficiency of only 43%.
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